Polymer electrolyte fuel cells are attractive electrochemical devices for constructing a hydrogen energy society. The actual fuel cells consist of polymer membrane, electrocatalysts, gas diffusion layers, bipolar plates, and end plates. From the viewpoint of saving resources, herein we have described three kinds of research have been conducted. The first involved reducing the amount of anode Pt electrocatalyst. The second involved development of reaction selectivity in the electrocatalyst for a direct methanol fuel cell because the bipolar plates can be removed from the direct methanol fuel cell system. The third involved improvement of corrosion resistance of metallic bipolar plates using ferric stainless steel.
Introduction
Polymer electrolyte fuel cells (PEFCs) are important electrochemical energy conversion devices in a hydrogen energy society [1] [2] [3] and have already been used as residential fuel cell systems called ENE-FARM and fuel cell vehicles. 4, 5 These PEFCs consist of polymer electrolyte membranes, electrocatalysts, gas diffusion layers, bipolar plates, and end plates. Among these components, cost reduction was difficult for the electrocatalysts and the bipolar plates even when large-scale mass production was performed. The fuel cell stack cost 1,000 and 500,000 systems per year, and contained 16% and 49% of electrocatalysts and 14% and 22% of bipolar plates, respectively. 6 The electrocatalysts were expensive mainly due to the large amount of Pt used. Many approaches for reducing the amount of Pt by non-Pt electrocatalysts 7 and core-shell structures where Pt is only used in the shell, have been reported. 2 To reduce the amount of Pt used, we have chosen a new approach i.e. Pt nanoparticle synthesis by photoreduction. 8, 9 Pt nanoparticles were immobilized on TiO 2 in a TiO 2 -SiO 2 catalyst support using photocatalysis under UV-irradiation and then its characteristics as an electrocatalyst were evaluated.
Next, the bipolar plates were to be removed from the fuel cell system. The direct methanol fuel cells (DMFCs), using methanol as a fuel, are a class of the PEFCs. DMFCs can be used as small and light power generators, with higher theoretical efficiency than PEFCs. There are some problems, such as methanol crossover and oxygen passing through the electrolyte membrane in DMFCs, causing the performance decrease, and making the commercialization of DMFCs difficult. If an anode catalyst and a cathode catalyst each having reaction selectivity, can be developed, then methanol and oxygen can be supplied simultaneously to the fuel cell system without the bipolar plates. Therefore, electrocatalysts possessing reaction selectivity were investigated, which should enable the use of mixed-reactant DMFCs by feeding a mixture of methanol and oxygen to the anode and cathode sides simultaneously.
Graphite-based materials are used as bipolar plates for PEFCs in commercially available residential fuel cells. However, metal-based bipolar plates are attracting increasing research attention, and investigation and development are promoted from the viewpoint of vehicular applications. We focused on ferritic stainless steel as raw materials and aimed at improving corrosion resistance by nitrogen heat treatment. [10] [11] [12] The mechanism of its improvement was also investigated.
As described above, we have conducted for studying the materials for fuel cell. In this paper, we report these results of our research.
Reducing the Pt Amount of Anode Catalyst
There are many published studies on cathode catalysts to reduce the amount of Pt used, but there are few studies on anode catalysts. Therefore, herein we have investigated anode catalysts using the photoreduction approach.
Pt-loaded Pt/TiO 2 -SiO 2 (Ti: 5, 10, 50 wt%) powders were prepared by a sol-gel method and photoreduction under UVirradiation. 13 First, 10 mmol dm ¹3 tetraethyl orthosilicate (Wako Pure Chemical Industries, Ltd.) and 1-5 mmol dm ¹3 titanium tetraisopropoxide (Wako Pure Chemical Industries, Ltd.) were added to ethanol, then 3 cm 3 of 11 wt% hydrochloric acid was added and stirred. The obtained sample was then ground, dried, and calcined at 673 K for 30 min in air. Pt was loaded on the obtained TiO 2 -SiO 2 support using 2.5 mm 3 of 50 mmol dm ¹3 H 2 PtCl 6 (Wako Pure Chemical Industries, Ltd.) + 80 mmol dm ¹3 HCl solution, 2.5 cm 3 of Milli-Q water, and 0.2 cm 3 C 2 H 5 OH with stirring under UV-light irradiation (using a high-pressure Hg lamp, 500 W, UXM-500SX2, USHIO, Inc.) at room temperature for 5 h. Finally, the solution was filtered and dried at 333 K.
The obtained Pt/TiO 2 -SiO 2 (Ti: 5, 10, 50 wt%) powders were characterized by electrochemical measurements using a porous microelectrode (PME), 14, 15 and transmission electron microscopeenergy dispersive X-ray spectrometer (TEM-EDX) observation, Xray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and inductively coupled plasma (ICP) measurements. The electrochemical measurements were conducted using a three-component cell with Pt wire as a counter electrode, Ag/Ag 2 SO 4 as a reference electrode, and the obtained Pt/TiO 2 -SiO 2 electrocatalyst-packed PME as a working electrode. All the electrode potentials reported herein were recorded with respect to the relative hydrogen electrode (RHE). Figure 1 shows the background cyclic voltammograms of Pt/ TiO 2 -SiO 2 electrocatalysts with Ti loadings of 5, 10, and 50 wt% and Pt/C (TEC10E50E, Tanaka Kikinzoku Kogyo Co., Ltd. Pt loading: 50 wt%) as a comparison in Ar-saturated 0.5 mol dm ¹3 H 2 SO 4 solution with a sweep rate of 10 mV s ¹1 . The voltammogram of Pt/C showed a well-defined hydrogen under-potential deposition symmetric response around 0.1-0.3 V vs. RHE and Pt oxidation response around 0.8-1.2 V vs. RHE. The reduction peak at around 0.75 V vs. RHE corresponded to the reduction of the surface oxide on the Pt nanoparticle. However, the Pt/TiO 2 -SiO 2 electrocatalysts did not show the above-mentioned current peaks, because Pt loading amount in Pt/TiO 2 -SiO 2 was too low.
Next, hydrogen oxidation reaction (HOR) activity was tested using Pt/TiO 2 -SiO 2 electrocatalysts with Ti loadings of 5, 10, and 50 wt% and Pt/C using PMEs in H 2 -saturated 0.5 mol dm ¹3 H 2 SO 4 solution at 10 mV s ¹1 . The HOR voltammograms of Pt/TiO 2 -SiO 2 electrocatalysts are shown in Fig. 2 . The HOR currents were observed at 0.0 V vs. RHE and reached the diffusion-limited current at around 0.05 V vs. RHE. These currents were 23.2, 41.7, and 12.5 nA, for of Pt/TiO 2 -SiO 2 electrocatalysts with 5, 10, 50 wt% Ti, respectively. Therefore, Pt/TiO 2 -SiO 2 electrocatalyst with Ti loading of 10 wt% possessed the highest HOR activity as shown herein.
As mentioned above, the background voltammogram shapes of the Pt/TiO 2 -SiO 2 electrocatalysts did not resemble that of commercial Pt/C ( Fig. 1 ). One reason for this result was that the electric conductivity of the substrate, TiO 2 -SiO 2 , was not high enough. To enhance the electric conductivity of Pt/TiO 2 -SiO 2 , carbon black (Vulcan XC-72R) was physically added and uniformly dispersed with mass ratio of 3.5 to the Pt/TiO 2 -SiO 2 (Ti: 10 wt%). The inset of Fig. 3 shows HOR current of Pt/C is about seven times higher than that of the Pt/TiO 2 -SiO 2 (Ti: 10 wt%). After addition of carbon black, the HOR current also improved.
The semi-logarithmic plots of the hydrogen evolution reaction (HER) and HOR ( Fig. 3 ) show that the current densities are calculated and compared with the mass activity of Pt. ICP measurements, revealed that Pt/TiO 2 -SiO 2 (Ti: 10 wt%) contained 0.6 wt% Pt. Therefore, the current density of Pt/TiO 2 -SiO 2 (Ti: 10 wt%) + carbon black was higher than those of only Pt/TiO 2 -SiO 2 (Ti: 10 wt%) and Pt/C. It was found that the HOR mass activity of Pt/TiO 2 -SiO 2 (Ti: 10 wt%) was improved by adding carbon black.
Evaluation of Reaction Selectivity in Electrocatalysts for Direct Methanol Fuel Cell
We have previously reported Pt-Ru-C, which showed selectivity for anodic methanol oxidation reaction. 16 In this study, we investigated the reaction selectivity in cathodic oxygen reduction reaction.
A co-sputtered Pt-Ru-C electrocatalyst was prepared by a polygonal barrel-sputtering method. [17] [18] [19] A Au flag electrode (diameter: 8 mm, thickness: 0.3 mm) and cover glass (18 mm © 18 mm) were used as sputtering substrates. These substrates were washed with acetone and Milli-Q water before sputtering, and then inverse sputtering was conducted at AC power 150 W and Ar gas pressure 2 Pa for 3 min. Target plates of Pt + Ru (purity: 99.999%, area ratio 1:1) and C (purity: 99.999%) (25 mm © 100 mm, Toshima Manufacturing) were used. The area ratio of the target plates was fixed at (Pt + Ru):C = 10:2 using a target cover. The Au flag and cover glass were placed on a hexagonal barrel facing the target plate in a vacuum chamber. Next, Electrochemistry, 87(6), 328-332 (2019) the chamber was evacuated to less than 8.0 © 10 ¹4 Pa. Ar gas (purity: 99.9999%) was introduced into the chamber and sputtering was conducted for 30 min. RF power and Ar gas pressure were 30-195 W (Ar gas pressure was 3.0 Pa) and 0.4-5.0 Pa (RF power was 100 W), respectively.
The prepared co-sputtered Pt-Ru-C electrocatalysts were characterized by SEM-EDX (JSM-6060A, JEOL) and XRD (LabX XRD-6100, Shimadzu). Electrochemical properties were evaluated using the three-electrode electrochemical cell in 0.5 mol dm ¹3 H 2 SO 4 solution. Pt wire, Ag/Ag 2 SO 4 , and the prepared Pt-Ru-C electrode were used as the counter, reference, and working electrodes, respectively. The electrode potential was converted to RHE after the measurements. Linear sweep voltammograms were obtained in O 2saturated 0.5 mol dm ¹3 H 2 SO 4 + 1 mol dm ¹3 CH 3 OH solution (scan rate: 10 mV s ¹1 ). For comparison, the voltammogram of methanol oxidation was also recorded in N 2 -saturated 0.5 mol dm ¹3 H 2 SO 4 + 1 mol dm ¹3 CH 3 OH solution. Finally, the voltammogram of oxygen reduction reaction was recorded in O 2 -saturated 0.5 mol dm ¹3 H 2 SO 4 solution.
The components of prepared Pt-Ru-C electrocatalyst were measured by SEM-EDX and its results are shown in Fig. 4 . The numbers in Fig. 4 corresponds to the sample numbers in Table 1 . The sputtering conditions, peak positions, and peak shifts of Pt (111) from the XRD pattern are summarized in Table 1 . From Fig. 4 , the prepared Pt-Ru-C electrocatalysts contain 50-60 at% Pt, 30-40 at% Ru, and small amounts of C. The Pt (111) peaks were shifted toward higher degree, probably due to the insertion of Ru atoms into the Pt lattice, which formed the alloy. 20 Methanol oxidation and oxygen reduction reactions were measured. The typical linear sweep voltammograms showing the reaction selectivities ( Table 1 , (Fig. 5(A) and (B), respectively) showed that these electrodes have selectivities for methanol oxidation and oxygen reduction reactions, respectively.
To determine the effect of reaction selectivity on the sputtering condition quantitatively, Coulombic charges of methanol oxidation in N 2 atmosphere (Q i ), methanol oxidation in coexistence of methanol and oxygen (Q ii ), oxygen reduction in coexistence of methanol and oxygen (QB ii ), and oxygen reduction reaction in the absence of methanol (Q iii ) were evaluated. The charge amount ratio of methanol oxidation (Q ii /Q i ) in oxygen and N 2 atmospheres was plotted versus RF power ( Fig. 6(A) ). Q ii /Q i is almost equal to 1 at RF power less than 50 W. Therefore, the methanol oxidation activity was maintained even in the coexistence of oxygen and has reaction selectivity. For PF power above 50 W, reaction selectivity was found to decrease.
Next, the charge amount ratio of oxygen reduction (Q ii B/Q iii ) in the presence and absence of methanol was plotted versus Ar gas pressure during sputtering ( Fig. 6(B) ). The value of Q ii B/Q iii was almost equal to 1 at Ar gas pressure between 0.4 Pa and 2 Pa. It was found that the reaction selectivity of oxygen reduction was present at low Ar gas pressure.
To investigate the factor of reaction selectivity, the charge amount ratios (Q ii /Q i and Q ii B/Q iii ) ( Figs. 6(A) and (B) , respectively) and the amount of Pt (111) peak shift in Table 1 are discussed. The amount of Pt (111) peak shift indicates the alloying degree. 20 There is a positive correlation between the reaction selectivity of methanol oxidation and the amount of Pt (111) peak Electrochemistry, 87 (6), 328-332 (2019) shift; however, there is no correlation between the reaction selectivity of oxygen reduction and the amount of Pt (111) peak shift. Therefore, methanol oxidation reaction proceeds with the Pt-Ru-C electrode with high alloying degree based on bi-functional mechanism.
High Corrosion Resistance of Metallic Bipolar Plates
Although it has been reported that the corrosion resistance of nitriding treated stainless steel was improved, 10-12 the processing temperature and time were examined to investigate the reason. For the mechanistic analysis, heat treatment in Ar and surface treatment by ion plating were also conducted.
Ferritic stainless steels (SUS445s) were heat treated at 1473 K for 4 h (SUS445-N1), at 1473 K for 0.5 h (SUS445-N2), and at 1373 K for 4 h (SUS445-N3). The treated stainless steels were characterized by a glow discharge optical emission spectrometry (GD-OES, GD-Profiler, Horiba) and in terms of surface conductivity (HP:MCP-T410, Mitsubishi Chemical Corporation). Linear sweep voltammetry (LSV) was conducted to evaluate the corrosion resistance based on the Japanese Industrial Standards in the three-electrode electrochemical cell using the treated stainless steels as the working electrode, Pt wire as the counter electrode, and Ag/Ag 2 SO 4 as the reference electrode. 10 The electrolyte was N 2 -saturated 0.5 mol dm ¹3 H 2 SO 4 solution at room temperature. All the electrode potentials were converted to the standard hydrogen electrode (SHE) after LSV measurements. For the LSV measurements, the sweep potential ranged from the rest potential to 1.1 V vs. SHE and the sweep rate was 0.33 mV s ¹1 .
The obtained voltammograms of SUS445, SUS445-N1, SUS445-N2, SUS445-N3 are shown in Fig. 7 . The voltammogram of untreated SUS445 showed an oxidation current peak based on the formation of a passive layer at around ¹0.2 V vs. SHE. The stable region was then observed between 0.0 V vs. SHE and +1.0 V vs. SHE. The corrosion current increased at more positive potentials than +1.0 V vs. SHE.
Next, the voltammogram of SUS445-N1, which is heat-treated at 1473 K for 4 h in the N 2 atmosphere, has no oxidation current peak at around ¹0.2 V vs. SHE. It is considered that SUS445-N1 was formed at the surface layer like the passive layer by heat treatment in N 2 atmosphere. Similar to SUS445, corrosion current is inhibited until +1.0 V vs. SHE. Therefore, corrosion resistance was improved by heat treatment in N 2 atmosphere.
In contrast, the voltammogram of SUS445-N2 showed larger oxidation current than that of SUS445, due to the heat treatment time being short. The voltammogram of SUS445-N3 also showed larger oxidation current especially between 0.5 V vs. SHE and +1.0 V vs. SHE than that of SUS445-N1. It was found that heat treatment time and temperature were important factors, and the condition of SUS445-N1 treated at 1473 K for 4 h yielded the highest corrosion resistance in this study.
To investigate the mechanism of improvement, a GD-OES measurement was performed using SUS445, SUS445-N1, SUS445-N2, and SUS445-N3. The obtained depth profiles are shown in Fig. 8 . The profile of SUS445 showed high Cr amounts at the surface. SUS445-N1 showed the peak of N at a depth of around 0.1 µm. The Cr amount at the surface of SUS445-N1 was smaller than that of SUS445. However, the Cr amount was maintained at ³20% at the surface and the broad signal of Al appeared at a depth of around 0.2 µm. The N, Cr, and Al amounts of SUS445-N2 are smaller than that of SUS445-N1, similar to the case of SUS445-N3.
Here, the relationship between corrosion resistance and the amount of N and Cr was investigated. We prepared another sample, heat-treated in Ar atmosphere, ion plating of Cr-N. 10 These samples were also measured by LSV and GD-OES. Figure 9 summarizes the current density of LSV at 0.6 V vs. SHE, which is a stable region, and the Cr amount and the Cr/N ratio at a depth of 50 nm. The corrosion currents of LSV were inhibited when the Cr amount was more than 15 at.%, and the Cr/N ratio was more then 0.5. Electrochemistry, 87(6), 328-332 (2019) Finally, the durability test was conducted using the SUS445-N stainless steel as the bipolar plates, which were heat treated under the same conditions as those for SUS445-N1. The fuel cell performance of SUS445-N and graphite carbon are shown in Fig. 10 . The cell voltages were maintained for 2500 h, using SUS445-N and the graphite carbon as bipolar plates at 353 K. The results exhibit the high corrosion resistance and conductivity of SUS445-N as the bipolar plates under operating conditions similar to those of the PEFC.
Conclusions
In this paper, the material research of electrocatalysts and bipolar plates for polymer electrolyte fuel cells was described. We found the following points:
• The Pt amount of electrocatalysts were reduced using the photoreduction synthesis technique. Pt/TiO 2 -SiO 2 (Ti: 10 wt%) containing 0.6 wt% Pt showed higher anode activity than commercial Pt/C. • The electrocatalysts, which have reaction selectivity for DMFC, were prepared by the sputtering technique. The prepared Pt-Ru-C at RF power less than 50 W has high reaction selectivity for methanol oxidation. The reaction selectivity for oxygen reduction was present at low Ar gas pressure. • High-corrosion-resistance stainless steel was prepared by heat treatment in N 2 atmosphere at 1473 K for 4 h. The corrosion current of LSV was inhibited when the Cr amount exceeded 15 at.%, and the Cr/N ratio exceeded 0.5. Figure 10 . Fuel cell voltage performance over 2500 h using SUS445-N stainless steel and graphite carbon as bipolar plates at 353 K. 10 Electrochemistry, 87(6), 328-332 (2019) 
